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a b s t r a c t
Key to morphogenesis is the orchestration of cell movements in the embryo, which requires ﬁne-tuned
adhesive interactions between cells and their close environment. The neural crest paradigm has
provided important insights into how adhesion dynamics control epithelium-to-mesenchyme transition
and mesenchymal cell migration. Much less is known about cranial placodes, patches of ectodermal cells
that generate essential parts of vertebrate sensory organs and ganglia. In this review, we summarise the
known functions of adhesion molecules in cranial placode morphogenesis, and discuss potential novel
implications of adhesive interactions in this crucial developmental process. The great repertoire of
placodal cell behaviours offers new avenues for exploring the multiple roles of adhesion complexes in
epithelial remodelling, collective migration and neuronal movements.
& 2014 Elsevier Inc. All rights reserved.
Introduction
Adhesion molecules: Dynamic anchoring sites and signalling
platforms
Cell adhesion is a major driving force in multicellular morpho-
genesis, and its misregulation leads to developmental defects and
tumor invasion. Adhesion molecules are transmembrane glycopro-
teins which couple the microenvironment of cells with their internal
mechanics and biology. Their extracellular domain binds to adhesive
receptors of neighbouring cells (intercellular adhesion) or to compo-
nents of the extracellular matrix (ECM) (cell/matrix adhesion), while
cytoplasmic tails interact with cytoskeleton ﬁlaments and signalling
proteins. Cadherins and integrins are the best characterised players
in intercellular and cell/matrix adhesion, respectively. Cadherins
engage in homophilic interactions at the level of specialised adhesive
platforms, the adherens junctions. αβ integrin heterodimers bind to
ECM components which form 3D meshworks with various geome-
tries and physical properties in the cell environment.
Adhesion proteins exhibit a dual function. Their ﬁrst recognised
role is structural: they initiate and maintain tissue cohesion, and
provide anchoring sites for pushing and pulling forces required for
cell shape changes and morphogenetic movements. However, it is
now clear that adhesion molecules play more diverse roles, which
do not only depend on their sticky properties. This can be
attributed to their ability to sense and transduce mechanical cues
and crosstalk with signalling pathways that regulate cytoskeleton
dynamics, proliferation, survival and differentiation (Hynes, 2002;
Stepniak et al., 2009; Schwartz and DeSimone, 2008). Adhesive
complexes can therefore be seen as dynamic anchoring sites and
signalling platforms.
The unique morphogenetic properties of cranial placodes
Neural crest (NC) cells have long been used as an experimental
paradigm to study the function of adhesion molecules in cell
migration and morphogenesis (McKeown et al., 2013). Here, we
focus on another embryonic cell population with unique morpho-
genetic properties, the placodal cells. Cranial placodes are discrete
patches of ectodermal cells which give rise to crucial parts of
sensory organs and ganglia in the vertebrate head, including the
olfactory epithelium, the lens, the entire inner ear and cranial
sensory ganglia, as well as mechanosensory lateral lines in aquatic
vertebrates (Fig. 1A) (Streit, 2008; Schlosser, 2010).
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Progenitors of cranial placodes are initially partially intermixed
within the crescent-shaped pan-placodal domain surrounding the
anterior neural plate (Streit, 2008; Schlosser, 2010). As development
proceeds, three steps of placode morphogenesis can be distinguished.
First, intermingled placode progenitors segregate into adjacent pla-
codal cell domains. Second, these apposed cell populations coalesce
into compact and individualised placodes occupying speciﬁc positions
along the anteroposterior axis, next to the brain (Fig. 1A) (Breau and
Schneider-Maunoury, 2014). Third, subsequent morphogenetic pro-
cesses take place, such as invagination, delamination and diverse
types of migration, giving rise to the ﬁnal pattern of placodal deri-
vatives (Schlosser, 2010). In this review, we focus on the two last steps
of cranial placode morphogenesis. The mechanisms driving the ﬁrst
step of placodal precursor segregation, including the hypothesis of
an active sorting-out mediated by differential adhesion, have been
recently discussed (Breau and Schneider-Maunoury, 2014) and will
not be covered here.
Placodal cells share common features with NC cells: their origin at
the neural plate border, and their capacity to leave the ectoderm and
move through embryonic tissues to generate a variety of internal
structures. However, there are also clear differences between NC cell
and placode morphogenesis. After their detachment from the neural
tube through epithelium-to-mesenchyme transition (EMT), NC cells
migrate as isolated or loose groups of mesenchymal cells, and differe-
ntiate into neurons or other cell types only when they have reached
their ﬁnal destination (Blentic et al., 2011; Strobl-Mazzulla and
Bronner, 2012; Theveneau and Mayor, 2012). In contrast, placodal
cells can rearrange as epithelial cells (Fig. 1B and C), move or sprout as
cohesive clusters (Fig. 1D and E) and migrate as streams of differ-
entiating neurons (Fig. 1F). These are three unique morphogenetic
properties of placodal cells compared to NC cells. Such behaviours
must rely on dynamic adhesive interactions with surrounding cells
and ECM components. Functional studies of adhesion proteins in
placode ontogeny are still relatively scarce and often lack mechanistic
Fig. 1. The repertoire of placodal cell behaviours. (A) Dorsal view of half of a theoretical vertebrate embryo, anterior to the left (adapted from Breau and Schneider-
Maunoury, 2014). Placodes whose morphogenesis are not discussed in the text are not represented. After the segregation of placodal precursors and their coalescence, cranial
placodes appear as discrete patches of ectodermal cells that occupy speciﬁc positions along the anteroposterior axis in the head region of the embryo, next to the brain. From
this stage, these placodal tissues can undergo epithelial rearrangement such as invagination (B) and formation of rosette-like structures (C), sprouting of multicellular strands
(D) or migration as cohesive groups (D). Differentiating neurons produced by neurogenic placodes delaminate from the pseudostratiﬁed epithelium of the surface ectoderm,
and migrate as streams of bipolar cells towards the site of sensory ganglia aggregation (F).
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investigation. We will next discuss examples of known functions for
adhesion molecules in placode morphogenesis, and describe observa-
tions suggesting additional likely roles of adhesive complexes. This will
shed light on placode morphogenesis as a useful model for exploring
the functions and dynamics of adhesion proteins in epithelial remo-
delling, collective movement and neuronal migration.
Epithelial rearrangement, collective migration and
multicellular sprouting in placode morphogenesis
Epithelia are cohesive sheets of cells exhibiting apico-basal
polarity and adherens junctions with their neighbours. Commonly
seen as stable tissues, epithelia can however undergo local
rearrangements allowing morphogenesis to occur: cell intercala-
tion results in convergence/extension, cell elongation thickens an
epithelial layer, whereas apical constriction leads to epithelial
invagination, or formation of rosette-like structures (Lecuit and
Lenne, 2007; Guillot and Lecuit, 2013).
Collective migration and multicellular sprouting are two other
dynamic behaviours of cohesive sheets observed during morpho-
genesis, tissue repair or tumor progression. In these processes,
cells move or sprout as coherent clusters with maintained inter-
cellular contacts (Friedl and Gilmour, 2009; Rørth, 2012). The
group can contain cells with mixed epithelial and mesenchymal
characters (see for example Dumortier et al., 2012), or be
patterned into mesenchymal-like leaders and epithelial-like fol-
lowers (Friedl and Gilmour, 2009; Rørth, 2012). Such collective
behaviours thus illustrate the existence of ﬁne-tuned partial
transitions between the usually opposed epithelial and mesench-
ymal cell states (Revenu and Gilmour, 2009).
Placodal cells display several of these epithelial rearrangement
and collective behaviours (Fig. 1B–E), in which they face the
challenge of remodelling and coordinating their cell/cell and cell/
matrix adhesive interactions without losing tissue cohesion.
Epithelial invagination
Invagination is the bending of an epithelial sheet to form a
groove or a vesicle (Fig. 1B). This epithelial rearrangement is widely
used in embryonic morphogenesis (Lecuit and Lenne, 2007), for
example during neural tube formation (Suzuki et al., 2012). In
placodes, invagination of the ectoderm initiates lens, otic and
olfactory placode morphogenesis. Invagination is driven by coordi-
nated apical constriction (AC), in which columnar epithelial cells
shrink their apical domain to acquire a wedge-shape morphology. In
ﬁsh, the lens placode is not internalised by invagination, but through
the delamination of a cell mass, which appears to involve AC as well
(Greiling and Clark, 2009). Canonical AC involves pulsatile contrac-
tions of apical actomyosin networks. To transform local contraction
into AC, actomyosin ﬁlaments must be attached to cell/cell adhesive
complexes, typically adherens junctions (Sawyer et al., 2010; Martin
and Goldstein, 2014). Studies in several contexts identiﬁed a core
pathway regulating AC in vertebrates, which implicates interactions
at adherens junctions between Shroom3 (an actin binding protein
and transcriptional target of Fgf signalling), Rock, and RhoA, the ﬁnal
activator of actomyosin contraction (Martin and Goldstein, 2014).
This pathway is at least partially at work during lens invagination
(Fig. 2) (Plageman et al., 2010, 2011; Lang et al., 2014), but has not
been fully dissected in the otic placode, where myosin acts down-
stream Fgf signalling but in an unconventional fashion, by depleting
basal domains in actin ﬁlaments (Sai and Ladher, 2008). Which
adhesion proteins control AC in cranial placodes? NCad is a good
candidate, although its implication in invagination appears to be
species-speciﬁc for lens/otic placodes (Babb-Clendenon et al., 2006;
Smith et al., 2009; Pontoriero et al., 2009; Malicki et al., 2003;
Christophorou et al., 2010; Lang et al., 2014). NCAM, which acc-
umulates apically and controls lens invagination in chick, could
fulﬁll this AC function (Christophorou et al., 2010). Thus, the identity
of the adhesion molecules implicated in placodal AC remains to be
elucidated. Also, the nature of the physical links between cell/cell
contacts and actomyosin is still unclear, except for the mouse lens
where β-catenin and p120-catenin are involved (Kreslova et al.,
2007; Lang et al., 2014). These molecular linkers have recently
regained interest in the AC ﬁeld. Indeed, during Caenorhabditis
elegans gastrulation and in Drosophila ventral furrow cells, actomyo-
sin contraction preceeds AC, suggesting that the cell shape change is
triggered by the tightly regulated connection of actomyosin to
membrane adhesion molecules, rather than actomyosin contraction
itself (Roh-Johnson et al., 2012).
Mathematical modelling suggest AC can on its own produce
invagination of epithelial sheets (Sawyer et al., 2010). However, in
the lens placode at least, AC appears not to be sufﬁcient for
invagination (Lang et al., 2014). Other possible driving forces likely
involve cell/matrix adhesion. Indeed, the basal lamina underlying
lens and otic placodal epithelia contains several ECM components
including ﬁbronectin, laminin, proteoglycans and polysaccharides,
most of which are required for invagination (Gerchman et al.,
1995; Moro-Balbás et al., 2000; Gato et al., 2001; Visconti and
Hilfer, 2002; Huang et al., 2011). What is the precise function of
cell/matrix interactions? They could mediate basal constriction
(BC), which must occur in cells at the border of the invaginating
layer and potentially contributes to inward tissue bending (Fig. 2).
Although less studied than AC, BC has been described in several
contexts where it requires cell/matrix adhesion (Gutzman et al.,
2008; Martinez-Morales et al., 2009; Bogdanović et al., 2012; He
et al., 2010). Alternatively, cell/matrix adhesive contacts could be
important for physical interactions between lens and retina epithelia,
which invaginate together in a tightly coordinated manner. Intriguing
inter-epithelial ﬁlopodia are observed between invaginating lens and
retina: they extend from the basal side of lens placodal cells and
make contact with the optic cup (Chauhan et al., 2009). Conditional
knock-out of FAK (Focal Adhesion Kinase) in lens cells results in
fewer ﬁlipodia, suggesting they are anchored at their tips by integrin
adhesive complexes necessary for their formation or stabilisation.
Consistently, the ﬁlopodial protrusions are covered by laminin. These
ﬁlopodia appear to be contractile and have been proposed to act as
physical tethers assisting the invagination process and coordination
between the two epithelia (Fig. 2) (Chauhan et al., 2009).
Collective migration
In collective migration, cells move as a group with maintained
intercellular contacts (Friedl and Gilmour, 2009; Rørth, 2012).
There are several ways adhesive contacts can be important for
this process. First, at least subsets of cells in the collective need to
physically interact with the environment (nearby cells or matrix)
to generate traction forces that produce the movement. Intercel-
lular contacts within the cluster must also be essential for tissue
cohesion, transmission of pulling or pushing forces, and coordina-
tion of cell behaviours. Last, adhesive complexes could control
collective migration through non-mechanical signalling activities.
The posterior lateral line primordium: A powerful model for collective
migration
The posterior lateral line placode, found in aquatic vertebrates,
generates a cohesive group of cells (the primordium) which
migrates from head to tail to deposit superﬁcial sensory organs
called neuromasts (Fig. 3A) (Ghysen and Dambly-Chaudière,
2004). The directional movement of this cell cluster in zebraﬁsh
has emerged as an amenable model for collective migration (Aman
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and Piotrowski, 2009). The migration requires the Sdf1α/Cxcl12a
chemokine, present along the path, and its receptor Cxcr4b,
expressed in the primordium downstream of Wnt signalling (David
et al., 2002; Haas and Gilmour, 2006; Aman and Piotrowski, 2008;
Breau et al., 2013). Cxcr7b-mediated sequestration of Sdf1α in the
trailing primordium generates an internal chemokine gradient
orienting the migration (Donà et al., 2013; Venkiteswaran et al.,
2013). Strikingly, the migration phenotype of the cxcr4b (ody) mutant
can be rescued by a few wild type cells located at the tip of the
primordium (Haas and Gilmour, 2006), sugesting that leader cells
guide followers. Follower cells could respond to chemotactic cues
produced by the tip, such as Fgfs (Breau et al., 2012; Dalle Nogare et
al., 2014), and/or be dragged by tip cells through mechanical coupling
mediated by intercellular adhesive interactions. Recent experiments
in which the primordium is laser cut into leading and trailing
portions show that leading cells, in turn, need to be contacted by
trailing cells to migrate (Dalle Nogare et al., 2014). Whether this
physical connection induces mechanical pushing forces from the
back, or trigger non-mechanical signalling activating the migration,
remains however unknown.
Anosmin1 and cadherins are good candidates for mediating
cohesion or transmission of pulling/pushing forces within the
primordium collective. Anosmin1 is a secreted protein implicated
in Kallmann syndrome (Legouis et al., 1991). It contains four
ﬁbronectin type III (FnIII) modules that are highly similar to
domains found in the CAM protein family, involved in cell/cell
adhesion. As it also acts as an efﬁcient substrate for cell adhesion
in vitro (Soussi-Yanicostas et al., 1998), it has been proposed to
function as an adhesion protein through an unknown surface
receptor, or linkage to other ECM components. Anosmin1 is
expressed in the primordium, and its knockdown impairs migra-
tion without altering Sdf1α and Cxcr4b expression (Yanicostas et
al., 2008). The accumulation of the protein in the central region of
the primordium suggests it could act as an intercellular glue
holding cells together (Fig. 3C). However, cell/cell contacts are
not lost upon Anosmin1 knockdown, possibly due to functional
redundancies with other cell/cell adhesion molecules present
throughout the primordium, such as ECad, NCad (Fig. 3C) (Liu
et al; 2003, Kerstetter et al., 2004; Matsuda and Chitnis, 2010;
Revenu et al., 2014), NCAM (ZFIN) and claudins, members of tight
junctions (Kollmar et al., 2001). NCad loss-of-function studies
report contradictory results: the migration appears affected in
NCad morphants and in the glass onion (glo) NCad mutant
(Kerstetter et al., 2004), but no phenotype is detected in the
parachute (pac) NCad mutant (Revenu et al., 2014). The stronger
defects in the glo mutant could be explained by the dominant
Fig. 2. Adhesion-dependent mechanisms driving epithelial invagination of the lens placode. Top left. Schematic view of lens epithelium invagination and its tight
coordination with the underlying invaginating retina (adapted from Chauhan et al., 2009). Three mechanisms implicating adhesion molecules are proposed to participate in
this inward epithelial movement: (1) Apical constriction of cells in the center of the invaginating layer results from the local contraction of actomyosin ﬁlaments attached to
cadherin-based adherens junctions. Contraction of actomyosin networks occurs downstream of a Shroom3/Rock/RhoA signalling cascade (Plageman et al., 2010, 2011).
(2) Shortening of basal domains (basal constriction) in cells at the edge of the invaginating layer may also contribute to tissue deformation. As described in other contexts,
basal constriction in the lens could be mediated by integrin/ECM interactions and actomyosin contraction (Gutzman et al., 2008; Martinez-Morales et al., 2009; Bogdanović
et al., 2012; He et al., 2010). (3) Inter-epithelial ﬁlopodia emanating from lens cells have been proposed to act as contractile tethers which assist the folding of the lens
placode and coordinate the movement with retina invagination. Their anchoring to the retina likely depends on integrin/ECM adhesive interactions (Chauhan et al., 2009).
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Fig. 3. Collective migration of the posterior lateral line primordium and rosette morphogenesis: expression and function of adhesion molecules. (A) Schematic view of a 28
hpf (hours post fertilisation) zebraﬁsh embryo. Red structures represent the migrating primordium and two deposited neuromasts. The inset corresponds to the high
magniﬁcation seen in (B). (B) High magniﬁcation illustration of the primordium architecture, with mesenchymal-like leader cells, a transition zone in which cells
progressively acquire epithelial features to assemble in stable rosettes in the trailing region. (C) Table summarising our current knowledge about expression and function of
adhesion proteins in primordium cohesion, migration and in rosette morphogenesis.
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negative effect of the mutated NCad on other cadherins (Malicki et
al., 2003; Harrington et al., 2007). Moreover, the morphant
phenotype should be taken with caution, given known off-
targets effects of morpholinos (Gerety and Wilkinson, 2011) and
the lack of documented rescue experiments. Whether intercellular
contacts are maintained or not in NCad morphants and glo
mutants remains to be analysed (Kerstetter et al., 2004). The only
reported condition with dissociation of primordium cells is the
inhibition of Notch signalling, which results in a dramatic primo-
rdium fragmentation followed by the stalling of dissociated cells,
and correlates with a reduction in ECad expression (Fig. 3C)
(Matsuda and Chitnis, 2010). Although primordium disintegration
is likely due to ECad downregulation, this will need to be directly
tested with ECad loss-of-function experiments, which are techni-
cally challenging due to early developmental roles of ECad.
The expression of several adhesion molecules across the migrat-
ing primordium suggests that intercellular contacts and front/back
force transmission are mediated by multiple redundant mechanisms
that ensure the robustness of tissue cohesion. Moreover, for the
cluster to move forward, at least some primordial cells have to
establish anchoring sites to the environment to produce traction
forces. Is this mediated by cell/matrix or cell/cell adhesion? Which
molecules are involved? To elucidate the function of each individual
adhesion protein will require high resolution live imaging of shapes,
behaviours and protrusive activities of primordium cells upon loss-
and gain-of-function experiments. The use of mechanical sensors to
map tension forces exerted on cadherins or other adhesion molecules
across the primordium, as it has recently been done for ECad in
Drosophila border cells (Cai et al., 2014), will also be highly informa-
tive to better understand the dynamics of this migrating cell cohort.
Finally, besides their likely role in tissue integrity and force propaga-
tion, adhesion proteins may have signalling functions. Anosmin1 may
for instance interact with the Sdf1α/Cxcr4b axis, as suggested by
double knockdown experiments (Yanicostas et al., 2008). In addition,
it has been proposed that NCad-based contact inhibition of locomo-
tion (see deﬁnition below) could drive the chemotactic response of
the primordium to Sdf1α, as it does for cranial NC cells (Theveneau
et al., 2010), but this awaits further investigation.
Collective migration of epibranchial placodal precursors: Pushing
from the back
As recently revealed by live imaging in Xenopus embryos,
epibranchial pre-placode cells undergo directional ventral migra-
tion within the ectodermal layer, upon contact with the adjacent
and more dorsal cranial NC cells (Theveneau et al., 2013). This
movement is part of the coalescence step of placode morphogen-
esis (Breau and Schneider-Maunoury, 2014), which follows pre-
cursor segregation and preceeds delamination of epibranchial
neuroblasts. Contact inhibition of locomotion (CIL) had previously
been described as a mode of cell/cell interaction in which single
cells change the direction of their migration upon repulsive cell/
cell contacts (Carmona-Fontaine et al., 2008; Theveneau et al.,
2010). Théveneau and colleagues showed that the CIL concept can
be extended to repulsive interactions between two cell-popula-
tions, NC and placodes (Theveneau et al., 2013). In in vitro co-
cultures, NC cells and placodes engage in a chase-and-run beha-
viour: NC cells are attracted by placodes, and placodes are in turn
repelled by NC cells (Fig. 4). Cxcr4b/Sdf1α signalling mediates the
chase: placodal cells play the role of the Sdf1α source that attracts
Cxcr4b-expressing NC cells. In turn, contacts between NC cells and
placodes push placodal cells away, a process that requires Wnt-
PCP and NCad. Upon transient NCad-mediated adhesive contacts
at the NC cell/placode interface, focal adhesion to the substrate
and cell protrusions are destabilised in placodal cells, in an NCad-
dependent fashion. This results in directional migration of the
placodal cluster in the opposite direction (Fig. 4). This CIL mechan-
ism at the cell population scale ensures a constant displacement of
Fig. 4. NCad-dependent “Chase-and-Run” controls collective migration of epibranchial pre-placode cells. The Sdf1α chemokine secreted by placodal cells attract NC cells
(A, “Chase” behaviour). Contacts between NC and placodal cells trigger the local loss of focal adhesions to the substrate and the collapse of cytoplasmic protrusions; this
requires NCad and Wnt-PCP signalling (B). Force redistribution induces the migration of the placodal cells in the opposite direction: the pladodal cluster is “pushed from the
back”, away from the NC ((C), “Run” behaviour). This contact inhibition of locomotion (CIL) at the cell-population scale allows the coordinated movement of the two cell
types within the embryo. Adapted from Theveneau et al. (2013) and Steventon et al. (2014).
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the Sdf1α source and coordinated movements of the two adjacent
cell types. Thus, epibranchial placodes are “pushed from the back”
by repulsive interactions with NC cells, in an NCad-dependent
manner (Theveneau et al., 2013).
Sprouting and fusion of multicellular strands
Multicellular sprouting is common in morphogenesis of branched
organs and dissemination of solid tumors (Ochoa-Espinosa and
Affolter, 2012; Friedl and Gilmour, 2009). What distinguishes the
sprouting of cohesive clusters from cell groups undergoing collective
migration is the maintenance of a physical contact with the tissue of
origin (Rørth, 2012). In placodes, this behaviour is seen during the
formation of the semi-circular canals, which are parts of the inner-
ear structures controlling body balance (Bok et al., 2007). Early steps
of inner ear morphogenesis include formation of the otic vesicle by
epithelial invagination, and delamination of the neuroblasts forming
the statoacoustic ganglion (see below). Semi-circular canal morpho-
genesis then starts with the evagination of multicellular buds, which
grow from opposite sides in the otic cavity and fuse together (Figs. 1D
and 5A). Does the sprouting process implicate proliferation, small-
scale rearrangements or active cell migration? What is the epithelial/
mesenchymal state of cells within the digit? Although still lacking,
dynamic analysis of cell behaviours in this system will help elucidat-
ing these questions.
In the zebraﬁsh otic placode, various ECM components are
expressed by the multicellular strands (but not the surrounding
otic epithelium) during their outgrowth, and downregulated after
their fusion (Geng et al., 2013). Semi-circular canal outgrowth
defects seen in several mutants correlate with misexpression of
ECM components (Busch-Nentwich, 2004). In Xenopus, injection of
hyaluronidase within the growing sprouts leads to their collapse,
suggesting that the sprouting process requires the presence of
glycosaminoglycan hyaluronan (Haddon and Lewis, 1991).
Together, these data suggest that local deposition of ECM is
important for the outgrowth of these evaginations. ECM could
accumulate either at the bud tip to guide invasion or, as suggested
for mammary gland and lung branching morphogenesis (Fata
et al., 2004; Moore et al., 2005), along the ﬂanks to stabilise and
impose constraint on the growing sprout (Fig. 5B). In Xenopus, the
sprouts contain an acellular core ﬁlled with hyaluronan. This
suggests an alternative mechanism in which accumulation of
ECM within this acellular core propells the evagination forward
(Haddon and Lewis, 1991). The sprouting step is also dependent on
NCad-mediated cell/cell adhesion in zebraﬁsh (Babb-Clendenon
et al., 2006). As discussed for collective migration, NCad could be
important for transmitting pulling forces exerted by “tip cells”, or
pushing forces from the back produced by cell intercalation or
proliferation, or have other signalling roles. Following their expan-
sion, the buds coming from opposite sides of the otic vesicle
adhere to each other and fuse (Fig. 5A). This process resembles the
fusion which terminates many morphogenetic events such as
neural tube closure (Pai et al., 2012). A recent report showed that
the recognition and fusion of the sprouts, but not their outgrowth,
involves Gpr126, a member of the G-protein coupled receptor
adhesion class proposed to display adhesive functions (Geng et al.,
2013; Yona et al., 2008). The mutant phenotype could result from a
direct adhesive role of Gpr126 during the fusion step, or from an
abnormal maintenance of ECM component expression that would
prevent the fusion (Geng et al., 2013).
Fig. 5. Semi-circular canal morphogenesis in the otic placode involves ECM-driven multicellular sprouting. (A) Early steps of semi-circular canal morphogenesis in zebraﬁsh
involves the formation of multicellular buds which grow from opposite sides of the otic vesicle and fuse to form transverse pillars. (B) Two possible models for ECM-driven
sprouting in the otic vesicle. ECM components could either accumulate at the tip and serve as guidance cues for collective invasion, or along the bud ﬂanks to constrain
growth towards the tip, like a corset.
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Placodal tissues thus display collective migration and sprouting
behaviours which can be likened to tumor progression. It is particularly
relevant for the metastatic spreading of well-differentiated carcinomas
which invade adjacent tissues as multicellular digits or clusters (Friedl
and Gilmour, 2009; Friedl et al., 2012).
Rosette morphogenesis
The formation of rosettes is a frequent rearrangement of epithelial
tissues undertaking morphogenesis. For instance, rosettes are
observed during kidney and pancreas development, and in the closing
neural tube. Epithelial rosettes can form transiently during the course
of epithelial remodelling, or be maintained to preﬁgure the radial
architecture of specialised organs (Harding et al., 2014). The latter
situation is seen in the zebraﬁsh posterior lateral line primordium, in
which rosette-like structures assemble to form the future sensory
neuromasts, a process regulated by Fgf signalling (Lecaudey et al.,
2008; Nechiporuk and Raible, 2008; Hava et al., 2009). The migrating
primordium is patterned along its anteroposterior axis: the leading
zone contains mesenchymal-like cells that progressively acquire
apico-basal polarity and form adherens junctions in the transition
zone, to eventually organise into mature epithelial rosettes in the
trailing region (Fig. 3A–C). As described for rosettes observed during
neural tube closure (Nishimura and Takeichi, 2008), rosette assembly
in the primordium is thought to be mediated by AC (Fig. 1C) initiating
in the transition zone of the primordium, just behind the leader cells
(reviewed in Harding et al., 2014). Consistently, several members of
the canonical AC pathway control primordium rosette assembly
downstream of Fgf signalling (Ernst et al., 2012; Harding and
Nechiporuk, 2012). The AC hypothesis has however recently been
challenged (Revenu et al., 2014). A dynamic analysis of NCad locali-
sation revealed that NCad ﬁrst accumulates in discrete puncta which
coalesce into apical clusters in the transition zone of the primordium
(Fig. 3C), a process that requires microtubules. Apical NCad junctions
become stabilised in more mature pro-neuromasts in the trailing
primordium. These ﬁndings suggest that rosette assembly in the
primordium involves the formation, fusion and stabilisation of NCad
apical adherens junctions, rather than the progressive narrowing
of pre-existing apical domains expected in a canonical AC process
(Revenu et al., 2014). Rosette morphogenesis is not affected in NCad
pac mutants (Revenu et al., 2014), but primordium migration and
potentially rosette formation are impaired in NCad morphants and glo
mutants (Fig. 3C) (Kerstetter et al., 2004). Further experiments are
required to clarify the requirement of NCad in rosette morphogenesis
in this context. Once formed, epithelial rosettes detach from the
migrating primordium at regular intervals in the back of the
primordium, which generates the stereotypic alignment of sensory
neuromasts along the trunk of fhe ﬁsh embryo (Fig. 3A and B)
(Ghysen and Dambly-Chaudière, 2004). Does this deposition cycle
rely on the dynamic regulation of adhesion molecules in primordium
cells? Surprisingly, this fascinating question has so far remained
unanswered in the lateral line ﬁeld.
Besides their pre-organisation of the neuromast radial struc-
ture, could rosettes in the primordium play other roles? Rosettes
are not required for primordium migration (Ernst et al., 2012),
but a novel function related to cell adhesion has been recently
reported: in their center, rosettes form an apical minilumen
trapping secreted Fgf ligands, which locally coordinate and further
enhance epithelial morphogenesis (Durdu et al., 2014). Microlu-
mina are surrounded by tight and adherens junctions that may be
important for their formation or maintenance, and the ligand
trapping (Durdu et al., 2014). Two types of rosettes can be iden-
tiﬁed during epithelial morphogenesis: the ﬁrst category forms by
AC, while the second arises from planar polarised constriction,
where the constricted region spans the entire height of the cell
(Kasza et al., 2014; Harding et al., 2014). The second class of
rosettes resolves rapidly and is observed in cells in the process of
intercalating with each other. Their formation, but most impor-
tantly their resolution, must contribute to global changes in the
tissue shape such as elongation (Harding et al., 2014). Rosettes
forming by AC, like those of the primordium, are usually not
resolved and rather persit to preﬁgure the radial organisation of
organs, which makes them unlikely to play this “tension balan-
cing” role. Rosette structures could form and have this function in
Fig. 6. Delamination and migration of neuroblasts produced by trigeminal and epibranchial placodes. (Left) Trigeminal and epibranchial neuroblasts escape from the surface
ectoderm through breaches of the basal lamina ECM (Graham et al., 2007). During their migration and aggregation into sensory ganglia, differentiating placodal neurons
show close interactions with each other and with surrounding neural crest (NC) cells (Shiau et al., 2008, 2011; Shiau and Bronner-Fraser, 2009). (Right) In chick embryos,
interactions between placodal trigeminal neuroblasts and NC cells are required for the migration: Slit1 secreted by NC cells activates its receptor Robo2 on the surface of
placodal neuroblasts. In turn, Robo2 stimulates the membrane localisation of NCad at contacts between differentiating neurons, required for neuronal migration (Shiau et al.,
2008; Shiau and Bronner-Fraser, 2009).
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other placodes, but this awaits further analysis of placodal tissue
architecture.
Neuronal movements in placode morphogenesis
Neurogenic placodes contribute sensory neurons to the cranial
peripheral nervous system; they include the olfactory, otic, tri-
geminal and epibranchial placodes (Schlosser, 2010). Most of our
knowledge of neurogenic placode morphogenesis comes from
studies of trigeminal and epibranchial placodes. These placodes
are thickened and pseudostratiﬁed portions of the ectoderm
epithelium which produce neuronal cells, referred to as neuro-
blasts or differentiating neurons in this article. Placodal neuro-
blasts detach from the surface ectoderm, migrate in the underlying
mesenchyme and aggregate with cephalic NC cells to form the
cranial sensory ganglia (Figs. 1F and 6A) (D’Amico-Martel and
Noden, 1983; Lassiter et al., 2014).
Delamination in neurogenic placodes
It is tempting to compare the emigration of placodal cells from
the surface ectoderm with EMT undergone by NC cells when they
leave the neural tube. Placodal cells have already entered the
neuronal differentiation program when they start delaminating
(Lassiter et al., 2009; Blentic et al., 2011; McCabe et al., 2009; Shiau
et al., 2008; Shiau and Bronner-Fraser, 2009), which suggests a
possible coupling between neurogenesis and changes in their
adhesive properties. This would be distinct from the ontogeny of
NC which engage in EMT before their neuronal differentiation.
Canonical EMT converts static epithelial cells (apico-basally
polarised, glued together by adherens junctions, and stably
anchored to the basal lamina by integrin-mediated adhesions)
into migratory mesenchymal cells that have lost these characters
and escape through breaches in the basal lamina (Thiery et al.,
2009). The ectodermal basal lamina appears to be interrupted
where epibranchial neuroblasts delaminate (Graham et al., 2007).
This must be important for their release and suggests their ability
to locally degrade basal lamina ECM components. It has been
proposed that placodal neuroblast delamination is distinct from a
classical EMT (Graham et al., 2007), based on morphologies of
placodal neuroblasts and their lack of expression of RhoB or Snail,
two EMT regulators (Thiery et al., 2009; Duband, 2010; Theveneau
and Mayor, 2012). However, in this and other studies, the shape of
delaminating neuroblasts looks mesenchymal (Graham et al.,
2007; Shiau et al., 2011). In mouse and chick embryos, they
acquire a bipolar neuronal morphology after delamination, when
they reach the area underlying the ectoderm (Figs. 1F and 6)
(Graham et al., 2007; Shiau and Bronner-Fraser, 2009; Shiau et al.,
2011). Additional gene expression and functional studies for other
key EMT players are required to reach a clear conclusion about the
similarities and differences between EMT and delamination of
placodal neuroblasts.
Switches in cadherin repertoire are hallmarks of EMT (Thiery
et al., 2009; Wheelock et al., 2008). Delaminating neuroblasts
must experience similar transitions in their cell/cell and cell/
matrix adhesion complexes, which still need to be characterised
in detail. Trigeminal and epibranchial placodal cells likely express
ECad when still embedded in the ectodermal epithelium, as
observed in other placodes (Levi et al., 1991; Liu et al., 2004). In
chick trigeminal placodes, NCad is expressed in delaminating and
migrating neuroblasts, suggesting that delaminating placodal
neurons undergo the typical ECad to NCad transition commonly
involved in EMT during tumor invasion (Wheelock et al., 2008).
Although NCad is necessary for the migration (see below), it is
dispensable for the delamination in this context (Shiau and
Bronner-Fraser, 2009). In mouse, a similar ECad to NCad switch
is observed in the otic placode, where neuroblasts detach from
the otic vesicle and aggregate to form the statoacoustic ganglion,
but no functional studies have been performed (Davies, 2011). In
zebraﬁsh, NCad is important for the development of the statoa-
coustic ganglion, but whether this phenotype results from dela-
mination or differentiation defects is unknown (Babb-Clendenon
et al., 2006). The importance of NCad and the functional relevance
of the ECad to NCad transition thus remain unclear in the context
of the developing neurogenic placodes, and deserve further
investigation.
What other adhesion molecule could be implicated in the
escape of placodal neurons? The tetraspan CD151, expressed in
the ectoderm during delamination (McCabe and Bronner, 2011), is
a good candidate. Given its ability to interact with integrins and
regulate their activity, and its known role in renal morphogenesis
and tumor invasion (Caplan et al., 2007; Sadej et al., 2014), the
function or regulation of CD151 could be important for delamina-
tion, but its early requirement in neuronal speciﬁcation has so far
prevented the analysis of such a role (McCabe and Bronner, 2011).
In addition, mechanisms acting downstream of Fgf signalling,
required for the delamination (Lassiter et al., 2009), must involve
yet to be discovered adhesion molecules driving the morphologi-
cal changes that accompany delamination. Last, characterising the
target genes of transcriptions factors implicated in neurogenic
placode development (including proneural transcription factors,
reviewed in Schlosser, 2010) could identify important adhesive
molecules mediating delamination. Pursuing functional analysis of
these candidates will certainly unravel novel mechanisms by
which changes in adhesive properties convert stationary neuroe-
pithelial cells into motile differentiating neurons.
Migration as streams of differentiating neurons
Although they harbor a mesenchymal phenotype while escap-
ing from the ectoderm, placodal cells, at least in mouse and chick
embryos, adopt a neuronal-like bipolar morphology with long
processes soon after delamination, during their migration towards
the site of ganglion assemby (Figs. 1F and 6) (Graham et al., 2007;
Shiau et al., 2011). Consistent with this, they upregulate neuronal
differentiation genes such as islet1 and neuroﬁlament after their
delamination (Graham et al., 2007; Shiau et al., 2008; Shiau and
Bronner-Fraser, 2009; McCabe et al., 2009), but it is still unclear
whether they migrate as post-mitotic neurons, dividing neuro-
blasts, or a mixed population (McCabe et al., 2009; Blentic et al.,
2011; Shiau et al., 2011). Neuronal and mesenchymal cells share
common migration principles (Govek et al., 2011), but differences
in their morphologies and migration dynamics suggest they face
distinct challenges in terms of cell biology, distribution of adhesion
sites, cytoskeleton reorganisation and transmission of signals and
forces between cell compartments (Cooper, 2013; Solecki, 2012).
The formation of trigeminal and epibranchial sensory ganglia in
chick and mouse can thus be used as a model for exploring the
speciﬁc mechanisms of neuronal migration.
During their migration, placodal differentiating neurons form
cell/cell contacts (Graham et al., 2007; Shiau et al., 2008; Shiau and
Bronner-Fraser, 2009) that appear dynamic and transient in live
imaging studies (Shiau et al., 2011; Bhat and Riley, 2011). They also
intermix and closely interact with cephalic NC (Fig. 6) (Shiau et al.,
2008; Shiau and Bronner-Fraser, 2009). This pattern suggests that
both homotypic and heterotypic intercellular interactions can
inﬂuence the migration. In chick embryos, NCad, expressed by
trigeminal neuroblasts but not NC cells, localises at placodal cell/
cell contacts and is necessary for their migration (Shiau and
Bronner-Fraser, 2009). NCad acts downstream of Slit1/Robo2-
mediated interactions between NC and placodal differentiating
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neurons: Slit1 produced by NC cells activates Robo2 at the surface of
placodal neuroblasts, which in turn stimulates the membrane
localisation of NCad (Fig. 6). Similar expression patterns for NCad/
Slit1/Robo2 in epibranchial placodes suggest a conserved mechanism
in sensory ganglia formation (Shiau et al., 2008; Shiau and Bronner-
Fraser, 2009). How does NCad regulate migration? As described for
cranial NC cells in Xenopus, NCad-mediated CIL could promote
overall progression of the neuronal population towards the site of
ganglion assembly (Theveneau et al., 2010), but the existing live
imaging data do not show repulsive behaviours between migrating
placodal neuroblasts (Shiau et al., 2011; Bhat and Riley, 2011).
Alternatively, NCad-mediated adhesive contacts could induce the
formation of intermediate small neuronal clusters moving more
efﬁciently, or be required for neuroblasts to pull on each other through
their long protrusions during chain migration. Live imaging in NCad
loss-of-function condition will clarify the underlying mechanism.
In zebraﬁsh, trigeminal neuroblasts migrate as chains of
mesenchymal-like cells (Knaut et al., 2005; Bhat and Riley, 2011).
Neuroblasts express both ECad and NCad but double loss-of-
function does not result in neuron mispositioning or aggregation
defects (Knaut et al., 2005). ECad/NCad are thus not required for
neuronal movements, but may assist Cxcr4b/Sdf1a chemokine
signalling in the control of the migration (Knaut et al., 2005).
Subtle defects in the shape and size of cranial ganglia were
detected in NCad and Cad6-deﬁcient embryos in other studies,
but it is unclear which of delamination, migration, proliferation or
differentiation is the primary affected process (Kerstetter et al.,
2004; LaMora and Voigt, 2009; Liu et al., 2011). Rather than
cadherins, integrin-mediated adhesion is crucial for the chain
migration of trigeminal neuroblasts in zebraﬁsh, as shown by
erratic movements observed upon knockdown of the integrin α5
subunit (Bhat and Riley, 2011). Integrins may allow placodal
neurons to migrate along ECM substrates produced by surround-
ing tissues. Alternatively, as shown for the chain migration of
neuroblasts in the mouse rostral migratory stream, integrins could
favor homotypic interactions through binding to interstitial matrix
present at cell/cell contacts (Belvindrah et al., 2007).
The formation of cranial sensory ganglia from the neurogenic
placodes therefore provide original developmental settings in
which to study dynamic behaviours of differentiating neurons
and the related remodelling of their adhesive complexes. Further
experimental efforts are required to decipher the molecular basis
underlying the function of adhesion molecules in these neuronal
movements. It will be important to elucidate how changes in
adhesive properties of placodal neuroblasts are coupled with the
course of neurogenesis during delamination, migration and aggre-
gation into cranial ganglia. This will help drawing comparisons
with neuronal migration and differentiation occuring in the brain
(Famulski and Solecki, 2013) and extract general principles ruling
morphogenesis in the developing nervous system.
Concluding remarks
In conclusion, developing cranial placodes can serve as accessible
systems for exploring how adhesion dynamics control epithelial
remodelling, movement and sprouting of multicellular cohorts, and
migration of differentiating neurons. As such, they offer an alternative
and complementary model to the well-studied NC cell paradigm in
which to dissect the mechanisms of EMT and mesenchymal migra-
tion. Future efforts to image the architecture of placodal tissues in
available model organisms will be essential to better characte-
rise differences between species, such as the multi-(Xenopus) versus
mono-layered (chick and mouse) structure of the ectoderm, and their
implications for placodal cell behaviour. As in other tissues, the
intrinsic functions of cell adhesion molecules in placode
morphogenesis are challenging to identify, due to early developmen-
tal roles and functional compensation between different types of
adhesive complexes. It is thus important to obtain a tight spatiotem-
poral control of functional perturbations, and use dominant-negative
strategies when possible. Investigation of the molecular mechanisms
underlying the functions of adhesion proteins in placode morphogen-
esis is still at an early stage. Future mechanistic studies will beneﬁt
from live monitoring of adhesion molecules (Revenu et al., 2014) and
their interactions with the cytoskeleton, force-generating molecular
motors and signalling cascades. The use of cutting edge techniques to
probe forces exerted on adhesion proteins within multicellular
assemblies (Cai et al., 2014) will also greatly expand our under-
standing of the morphogenetic movements which shape cranial
placodes and their derivatives.
Acknowledgements
Wewould like to thank Guillaume Pézeron and Christine Vesque
for critical reading of the manuscript, and Sophie Gournet for
artwork. This work was supported by the Centre National de la
Recherche Scientiﬁque, the Institut National pour la Santé et la
Recherche Médicale, the Université Pierre et Marie Curie, the
Agence Nationale pour la Recherche (Funding “CILIAINTHEBRAIN”),
the Fondation ARC pour la Recherche sur le Cancer (Projets ARC nos.
SFI20121205615 and PJA20131200051), the Fondation pour la
Recherche Médicale (Equipe FRM DEQ20140329544).
References
Aman, A., Piotrowski, T., 2008. Wnt/b-catenin and Fgf signaling control collective
cell migration by restricting chemokine receptor expression. Dev. Cell 15,
749–761.
Aman, A., Piotrowski, T., 2009. Multiple signaling interactions coordinate collective
cell migration of the posterior lateral line primordium. Cell Adhes. Migr. 3,
365–368.
Babb-Clendenon, S., Shen, Y.C., Liu, Q., Turner, K.E., Mills, M.S., Cook, G.W., Miller, C.A.,
Gattone, V.H., Barald, K.F., Marrs, J.A., 2006. Cadherin-2 participates in the
morphogenesis of the zebraﬁsh inner ear. J. Cell Sci. 119, 5169–5177.
Belvindrah, R., Hankel, S., Walker, J., Patton, B.L., Muller, U., 2007. Beta1 integrins
control the formation of cell chains in the adult rostral migratory stream.
J. Neurosci. 27, 2704–2717.
Bhat, N., Riley, B.B., 2011. Integrin-α5 coordinates assembly of posterior cranial
placodes in zebraﬁsh and enhances Fgf-dependent regulation of otic/epibran-
chial cells. PLoS One 6, e27778.
Blentic, A., Chambers, D., Skinner, A., Begbie, J., Graham, A., 2011. The formation of
the cranial ganglia by placodally-derived sensory neuronal precursors. Mol.
Cell. Neurosci. 46, 452–459.
Bogdanović, O., Delﬁno-Machín, M., Nicolás-Pérez, M., Gavilán, M.P., Gago-Rodrigues, I.,
Fernandez-Minan, A., Lillo, C., Ríos, R.M., Wittbrodt, J., Martínez-Morales, J.R., 2012.
Numb/Numbl-Opo antagonism controls retinal epithelium morphogenesis by
regulating integrin endocytosis. Dev. Cell 23, 782–795.
Bok, J., Chang, W., Wu, D.K., 2007. Patterning and morphogenesis of the vertebrate
inner ear. Int. J. Dev. Biol. 51, 521–533.
Breau, M.A., Schneider-Maunoury, S., 2014. Mechanisms of cranial placode assem-
bly. Int. J. Dev. Biol. 58, 9–19.
Breau, M.A., Wilson, D., Wilkinson, D.G., Xu, Q., 2012. Chemokine and Fgf signalling
act as opposing guidance cues in formation of the lateral line primordium.
Development 139, 2246–2253.
Breau, M.A., Wilkinson, D.G., Xu, Q., 2013. A Hox gene controls lateral line cell
migration by regulating chemokine receptor expression downstream of Wnt
signaling. Proc. Natl. Acad. Sci. U.S.A. 110, 16892–16897.
Busch-Nentwich, E., 2004. The deafness gene dfna5 is crucial for ugdh expression
and HA production in the developing ear in zebraﬁsh. Development 131,
943–951.
Cai, D., Chen, S.-C., Prasad, M., He, L., Wang, X., Choesmel-Cadamuro, V., Sawyer, J.K.,
Danuser, G., Montell, D.J., 2014. Mechanical feedback through E-cadherin
promotes direction sensing during collective cell migration. Cell 157,
1146–1159.
Caplan, M.J., Kamsteeg, E.J., Dufﬁeld, A., 2007. Tetraspan proteins: regulators of
renal structure and function. Curr. Opin. Nephrol. Hypertens. 16, 353–358.
Carmona-Fontaine, C., Matthews, H.K., Kuriyama, S., Moreno, M., Dunn, G.A.,
Parsons, M., Stern, C.D., Mayor, R., 2008. Contact inhibition of locomotion
in vivo controls neural crest directional migration. Nature 456, 957–961.
Chauhan, B.K., Disanza, A., Choi, S.Y., Faber, S.C., Lou, M., Beggs, H.E., Scita, G.,
Zheng, Y., Lang, R.A., 2009. Cdc42- and IRSp53-dependent contractile ﬁlopodia
M.A. Breau, S. Schneider-Maunoury / Developmental Biology 401 (2015) 25–3634
tether presumptive lens and retina to coordinate epithelial invagination.
Development 136, 3657–3667.
Christophorou, N.A.D., Mende, M., Lleras-Forero, L., Grocott, T., Streit, A., 2010. Pax2
coordinates epithelial morphogenesis and cell fate in the inner ear. Dev. Biol.
345, 180–190.
Cooper, J.A., 2013. Cell biology in neuroscience: mechanisms of cell migration in the
nervous system. J. Cell Biol. 202, 725–734.
Dalle Nogare, D., Somers, K., Rao, S., Matsuda, M., Reichman-Fried, M., Raz, E.,
Chitnis, A.B., 2014. Leading and trailing cells cooperate in collective migration of
the zebraﬁsh posterior lateral line primordium. Development 141, 3188–3196.
D’Amico-Martel, A., Noden, D.M., 1983. Contributions of placodal and neural crest
cells to avian cranial peripheral ganglia. Am. J. Anat. 166, 445–468.
David, N.B., Sapède, D., Saint-Etienne, L., Thisse, C., Thisse, B., Dambly-Chaudière, C.,
Rosa, F.M., Ghysen, A., 2002. Molecular basis of cell migration in the ﬁsh lateral
line: role of the chemokine receptor CXCR4 and of its ligand, SDF1. Proc. Natl.
Acad. Sci. U.S.A. 99, 16297–16302.
Davies, D., 2011. Cell-extracellular matrix versus cell-cell interactions during the
development of the cochlear-vestibular ganglion. J. Neurosci. Res. 89,
1375–1387.
Donà, E., Barry, J.D., Valentin, G., Quirin, C., Khmelinskii, A., Kunze, A., Durdu, S.,
Newton, L.R., Fernandez-Minan, A., Huber, W., Knop, M., Gilmour, D., 2013.
Directional tissue migration through a self-generated chemokine gradient.
Nature 503, 285–289.
Duband, J.L., 2010. Diversity in the molecular and cellular strategies of epithelium-
to-mesenchyme transitions: insights from the neural crest. Cell Adhes. Migr. 4,
458–482.
Dumortier, J.G., Martin, S., Meyer, D., Rosa, F.M., David, N.B., 2012. Collective
mesendoderm migration relies on an intrinsic directionality signal transmitted
through cell contacts. Proc. Natl. Acad. Sci. U.S.A. 109, 16945–16950.
Durdu, S., Iskar, M., Revenu, C., Schieber, N., Kunze, A., Bork, P., Schwab, Y., Gilmour, D.,
2014. Luminal signalling links cell communication to tissue architecture during
organogenesis. Nature 515, 120–124.
Ernst, S., Liu, K., Agarwala, S., Moratscheck, N., Avci, M.E., Nogare, D.D., Chitnis, A.B.,
Ronneberger, O., Lecaudey, V., 2012. Shroom3 is required downstream of FGF
signalling to mediate proneuromast assembly in zebraﬁsh. Development 139,
4571–4581.
Famulski, J.K., Solecki, D.J., 2013. New spin on an old transition: epithelial parallels
in neuronal adhesion control. Trends Neurosci. 36, 163–173.
Fata, J.E., Werb, Z., Bissell, M.J., 2004. Regulation of mammary gland branching
morphogenesis by the extracellular matrix and its remodeling enzymes. Breast
Cancer Res 6, 1–11.
Friedl, P., Gilmour, D., 2009. Collective cell migration in morphogenesis, regenera-
tion and cancer. Nat. Rev. Mol. Cell Biol. 10, 445–457.
Friedl, P., Locker, J., Sahai, E., Segall, J.E., 2012. Classifying collective cancer cell
invasion. Nat. Cell Biol. 14, 777–783.
Gato, A., Martin, C., Alonso, M.I., Martinez-Alvarez, C., Moro, J.A., 2001. Chondroitin
sulphate proteoglycan is involved in lens vesicle morphogenesis in chick
embryos. Exp. Eye Res. 73, 469–478.
Geng, F.S., Abbas, L., Baxendale, S., Holdsworth, C.J., Swanson, A.G., Slanchev, K.,
Hammerschmidt, M., Topczewski, J., Whitﬁeld, T.T., 2013. Semicircular canal
morphogenesis in the zebraﬁsh inner ear requires the function of gpr126
(lauscher), an adhesion class G protein-coupled receptor gene. Development
140, 4362–4374.
Gerchman, E., Hilfer, S.R., Brown, J.W., 1995. Involvement of extracellular matrix in
the formation of the inner ear. Dev. Dyn. 202, 421–432.
Gerety, S.S., Wilkinson, D.G., 2011. Morpholino artifacts provide pitfalls and reveal a
novel role for pro-apoptotic genes in hindbrain boundary development. Dev.
Biol. 350, 279–289.
Ghysen, A., Dambly-Chaudière, C., 2004. Development of the zebraﬁsh lateral line.
Curr. Opin. Neurobiol. 14, 67–73.
Govek, E.E., Hatten, M.E., Van Aelst, L., 2011. The role of Rho GTPase proteins in CNS
neuronal migration. Dev. Neurobiol. 71, 528–553.
Graham, A., Blentic, A., Duque, S., Begbie, J., 2007. Delamination of cells from
neurogenic placodes does not involve an epithelial-to-mesenchymal transition.
Development 134, 4141–4145.
Greiling, T.M., Clark, J.I., 2009. Early lens development in the zebraﬁsh: a three-
dimensional time-lapse analysis. Dev. Dyn. 238, 2254–2265.
Guillot, C., Lecuit, T., 2013. Mechanics of epithelial tissue homeostasis and
morphogenesis. Science 340, 1185–1189.
Gutzman, J.H., Graeden, E.G., Lowery, L.A., Holley, H.S., Sive, H., 2008. Formation of
the zebraﬁsh midbrain–hindbrain boundary constriction requires laminin-
dependent basal constriction. Mech. Dev. 125, 974–983.
Haas, P., Gilmour, D., 2006. Chemokine signaling mediates self-organizing tissue
migration in the zebraﬁsh lateral line. Dev. Cell 10, 673–680.
Haddon, C.M., Lewis, J.H., 1991. Hyaluronan as a propellant for epithelial move-
ment: the development of semicircular canals in the inner ear of Xenopus.
Development 112, 541–550.
Harding, M.J., McGraw, H.F., Nechiporuk, A., 2014. The roles and regulation of
multicellular rosette structures during morphogenesis. Development 141,
2549–2558.
Harding, M.J., Nechiporuk, A.V., 2012. Fgfr-Ras-MAPK signaling is required for apical
constriction via apical positioning of Rho-associated kinase during mechan-
osensory organ formation. Development 139 (3467–3467).
Harrington, M.J., Hong, E., Fasanmi, O., Brewster, R., 2007. Cadherin-mediated
adhesion regulates posterior body formation. BMC. Dev. Biol. 7, 130.
Hava, D., Forster, U., Matsuda, M., Cui, S., Link, B.A., Eichhorst, J., Wiesner, B., Chitnis, A.,
Abdelilah-Seyfried, S., 2009. Apical membrane maturation and cellular rosette
formation during morphogenesis of the zebraﬁsh lateral line. J. Cell Sci. 122,
687–695.
He, L., Wang, X., Tang, H.L., Montell, D.J., 2010. Tissue elongation requires oscillating
contractions of a basal actomyosin network. Nat. Cell Biol. 12, 1133–1142.
Huang, J., Rajagopal, R., Liu, Y., Dattilo, L.K., Shaham, O., Ashery-Padan, R., Beebe, D.C.,
2011. The mechanism of lens placode formation: a case of matrix-mediated
morphogenesis. Dev. Biol. 355, 32–42.
Hynes, R.O., 2002. Integrins: bidirectional, allosteric signaling machines. Cell 110,
673–687.
Kasza, K.E., Farrell, D.L., Zallen, J.A., 2014. Spatiotemporal control of epithelial
remodeling by regulated myosin phosphorylation. Proc. Natl. Acad. Sci. 111,
11732–11737.
Kerstetter, A.E., Azodi, E., Marrs, J.A., Liu, Q., 2004. Cadherin-2 function in the
cranial ganglia and lateral line system of developing zebraﬁsh. Dev. Dyn. 230,
137–143.
Kollmar, R., Nakamura, S.K., Kappler, J.A., Hudspeth, A.J., 2001. Expression and
phylogeny of claudins in vertebrate primordia. Proc. Natl. Acad. Sci. U.S.A. 98,
10196–10201.
Knaut, H., Blader, P., Strähle, U., Schier, A.F., 2005. Assembly of trigeminal sensory
ganglia by chemokine signaling. Neuron 47, 653–666.
Kreslova, J., Machon, O., Ruzickova, J., Lachova, J., Wawrousek, E.F., Kemler, R.,
Krauss, S., Piatigorsky, J., Kozmik, Z., 2007. Abnormal lens morphogenesis and
ectopic lens formation in the absence of β-catenin function. Genesis 45,
157–168.
LaMora, A., Voigt, M.M., 2009. Cranial sensory ganglia neurons require intrinsic N-
cadherin function for guidance of afferent ﬁbers to their ﬁnal targets. Neu-
roscience 159, 1175–1184.
Lang, R.A., Herman, K., Reynolds, A.B., Hildebrand, J.D., Plageman, T.F., 2014. p120-
catenin-dependent junctional recruitment of Shroom3 is required for apical
constriction during lens pit morphogenesis. Development 141, 3177–3187.
Lassiter, R.N.T., Reynolds, S.B., Marin, K.D., Mayo, T.F., Stark, M.R., 2009. FGF
signaling is essential for ophthalmic trigeminal placode cell delamination and
differentiation. Dev. Dyn. 238, 1073–1082.
Lassiter, R.N.T., Stark, M.R., Zhao, T., Zhou, C.J., 2014. Signaling mechanisms
controlling cranial placode neurogenesis and delamination. Dev. Biol. 389,
39–49.
Lecaudey, V., Cakan-Akdogan, G., Norton, W.H.J., Gilmour, D., 2008. Dynamic Fgf
signaling couples morphogenesis and migration in the zebraﬁsh lateral line
primordium. Development 135, 2695–2705.
Lecuit, T., Lenne, P.F., 2007. Cell surface mechanics and the control of cell shape,
tissue patterns and morphogenesis. Nat. Rev. Mol. Cell Biol. 8, 633–644.
Legouis, R., Hardelin, J.P., Levilliers, J., Claverie, J.M., Compain, S., Wunderle, V., Millasseau,
P., Le Paslier, D., Cohen, D., Caterina, D., Bougueleret, L., Delemarre-Van, de Waal, H.,
Lutfalla, G., Weissenbach, J., Petit, C., 1991. The candidate gene for the X-linked
Kallmann syndrome encodes a protein related to adhesion molecules. Cell 67,
423–435.
Levi, G., Gumbiner, B., Thiery, J.P., 1991. The distribution of E cadherin during
Xenopus laevis development. Development 111, 159–169.
Liu, Q., Dalman, M.R., Sarmah, S., Chen, S., Chen, Y., Hurlbut, A.K., Spencer, M.A.,
Pancoe, L., Marrs, J.A., 2011. Cell adhesion molecule cadherin-6 function in
zebraﬁsh cranial and lateral line ganglia development. Dev. Dyn. 240,
1716–1726.
Liu, Q., Ensign, R.D., Azodi, E., 2003. Cadherin-1, -2 and -4 expression in the cranial
ganglia and lateral line system of developing zebraﬁsh. Gene Expression
Patterns 3, 653–658.
Liu, Q., Marrs, J.A., Azodi, E., Kerstetter, A.E., Babb, S.G., Hashmi, L., 2004. Differential
expression of cadherins in the developing and adult zebraﬁsh olfactory system.
J. Comp. Neurol. 478, 269–281.
Malicki, J., Jo, H., Pujic, Z., 2003. Zebraﬁsh N-cadherin, encoded by the glass onion
locus, plays an essential role in retinal patterning. Dev. Biol. 259, 95–108.
Martin, A.C., Goldstein, B., 2014. Apical constriction: themes and variations on a
cellular mechanism driving morphogenesis. Development 141, 1987–1998.
Martinez-Morales, J.R., Rembold, M., Greger, K., Simpson, J.C., Brown, K.E., Quiring, R.,
Pepperkok, R., Martin-Bermudo, M.D., Himmelbauer, H., Wittbrodt, J., 2009.
Ojoplano-mediated basal constriction is essential for optic cup morphogenesis.
Development 136, 2165–2175.
Matsuda, M., Chitnis, A.B., 2010. Atoh1a expression must be restricted by Notch
signaling for effective morphogenesis of the posterior lateral line primordium
in zebraﬁsh. Development 137, 3477–3487.
McCabe, K.L., Bronner, M., 2011. Tetraspanin, CD151, is required for maintenance of
trigeminal placode identity. J. Neurochem. 117, 221–230.
McCabe, K.L., Sechrist, J.W., Bronner-Fraser, M., 2009. Birth of ophthalmic trigem-
inal neurons initiates early in the placodal ectoderm. J. Comp. Neurol. 514,
161–173.
McKeown, S.J., Wallace, A.S., Anderson, R.B., 2013. Expression and function of cell
adhesion molecules during neural crest migration. Dev. Biol. 373, 244–257.
Moore, K.A., Polte, T., Huang, S., Shi, B., Alsberg, E., Sunday, M.E., Ingber, D.E., 2005.
Control of basement membrane remodeling and epithelial branching morpho-
genesis in embryonic lung by Rho and cytoskeletal tension. Dev. Dyn. 232,
268–281.
Moro-Balbás, J.A., Gato, A., Alonso, M.I., Martín, P., de la Mano, A., 2000. Basal
lamina heparan sulphate proteoglycan is involved in otic placode invagination
in chick embryos. Anat. Embryol. 202, 333–343.
M.A. Breau, S. Schneider-Maunoury / Developmental Biology 401 (2015) 25–36 35
Nechiporuk, A., Raible, D.W., 2008. FGF-dependent mechanosensory organ pattern-
ing in zebraﬁsh. Science 320, 1774–1777.
Nishimura, T., Takeichi, M., 2008. Shroom3-mediated recruitment of Rho kinases to
the apical cell junctions regulates epithelial and neuroepithelial planar remo-
deling. Development 135, 1493–1502.
Ochoa-Espinosa, A., Affolter, M., 2012. Branching morphogenesis: from cells to
organs and back. Cold Spring Harbor Perspect. Biol. 4 (pii: a008243).
Pai, Y.-J., Abdullah, N.L., Mohd Zin, S.W., Mohammed, R.S., Rolo, A., Greene, N.D.E.,
Abdul-Aziz, N.M., Copp, A.J., 2012. Epithelial fusion during neural tube mor-
phogenesis. Birth Defects Res. Part A: Clin. Mol. Teratol. 94, 817–823.
Plageman, T.F., Chauhan, B.K., Yang, C., Jaudon, F., Shang, X., Zheng, Y., Lou, M.,
Debant, A., Hildebrand, J.D., Lang, R.A., 2011. A Trio-RhoA-Shroom3 pathway is
required for apical constriction and epithelial invagination. Development 138,
5177–5188.
Plageman, T.F., Chung, M.I., Lou, M., Smith, A.N., Hildebrand, J.D., Wallingford, J.B.,
Lang, R.A., 2010. Pax6-dependent Shroom3 expression regulates apical con-
striction during lens placode invagination. Development 137, 405–415.
Pontoriero, G.F., Smith, A.N., Miller, L.-A.D., Radice, G.L., West-Mays, J.A., Lang, R.A.,
2009. Co-operative roles for E-cadherin and N-cadherin during lens vesicle
separation and lens epithelial cell survival. Dev. Biol. 326, 403–417.
Revenu, C., Gilmour, D., 2009. EMT 2.0: shaping epithelia through collective
migration. Curr. Opin. Genet. Dev. 19, 338–342.
Revenu, C., Streichan, S., Dona, E., Lecaudey, V., Hufnagel, L., Gilmour, D., 2014.
Quantitative cell polarity imaging deﬁnes leader-to-follower transitions during
collective migration and the key role of microtubule-dependent adherens
junction formation. Development 141, 1282–1291.
Roh-Johnson, M., Shemer, G., Higgins, C.D., McClellan, J.H., Werts, A.D., Tulu, U.S.,
Gao, L., Betzig, E., Kiehart, D.P., Goldstein, B., 2012. Triggering a cell shape
change by exploiting preexisting actomyosin contractions. Science 335,
1232–1235.
Rørth, P., 2012. Fellow travellers: emergent properties of collective cell migration.
EMBO Rep. 13, 984–991.
Sadej, R., Grudowska, A., Turczyk, L., Kordek, R., Romanska, H.M., 2014. CD151 in
cancer progression and metastasis: a complex scenario. Lab. Invest. 94, 41–51.
Sai, X., Ladher, R.K., 2008. FGF signaling regulates cytoskeletal remodeling during
epithelial morphogenesis. Curr. Biol. 18, 976–981.
Sawyer, J.M., Harrell, J.R., Shemer, G., Sullivan-Brown, J., Roh-Johnson, M., Goldstein, B.,
2010. Apical constriction: a cell shape change that can drive morphogenesis. Dev.
Biol. 341, 5–19.
Schlosser, G., 2010. Making senses: development of vertebrate cranial placodes. Int.
Rev. Cell Mol. Biol. 283, 129–234.
Schwartz, M.A., DeSimone, D.W., 2008. Cell adhesion receptors in mechanotrans-
duction. Curr. Opin. Cell Biol. 20, 551–556.
Shiau, C.E., Bronner-Fraser, M., 2009. N-cadherin acts in concert with Slit1-Robo2
signaling in regulating aggregation of placode-derived cranial sensory neurons.
Development 136, 4155–4164.
Shiau, C.E., Das, R.M., Storey, K.G., 2011. An effective assay for high cellular
resolution time-lapse imaging of sensory placode formation. BMC Neurosci.
12, 37.
Shiau, C.E., Lwigale, P.Y., Das, R.M., Wilson, S.A., Bronner-Fraser, M., 2008. Robo2-
Slit1 dependent cell-cell interactions mediate assembly of the trigeminal
ganglion. Nat. Neurosci. 11, 269–276.
Smith, A.N., Miller, L.A., Radice, G., Ashery-Padan, R., Lang, R.A., 2009. Stage-
dependent modes of Pax6–Sox2 epistasis regulate lens development and eye
morphogenesis. Development 136 (3377–3377).
Solecki, D.J., 2012. Sticky situations: recent advances in control of cell adhesion
during neuronal migration. Curr. Opin. Neurobiol. 22, 791–798.
Soussi-Yanicostas, N., Faivre-Sarrailh, C., Hardelin, J.P., Levilliers, J., Rougon, G., Petit, C.,
1998. Anosmin-1 underlying the X chromosome-linked Kallmann syndrome is an
adhesion molecule that can modulate neurite growth in a cell-type speciﬁc manner.
J. Cell Sci. 111, 2953–2965.
Stepniak, E., Radice, G.L., Vasioukhin, V., 2009. Adhesive and signaling functions of
cadherins and catenins in vertebrate development. Cold Spring Harbor Per-
spect. Biol. 1, a002949.
Steventon, B., Mayor, R., Streit, A., 2014. Neural crest and placode interaction during
the development of the cranial sensory system. Dev. Biol. 389, 28–38.
Streit, A., 2008. The Cranial Sensory Nervous System: Speciﬁcation of Sensory
Progenitors and Placodes. StemBook [Internet]. Harvard Stem Cell Institute,
Cambridge (MA).
Strobl-Mazzulla, P.H., Bronner, M.E., 2012. Epithelial to mesenchymal transition:
new and old insights from the classical neural crest model. Sem. Cancer Biol. 22,
411–416.
Suzuki, M., Morita, H., Ueno, N., 2012. Molecular mechanisms of cell shape changes
that contribute to vertebrate neural tube closure. Dev. Growth Differ. 54,
266–276.
Theveneau, E., Marchant, L., Kuriyama, S., Gull, M., Moepps, B., Parsons, M., Mayor, R.,
2010. Collective chemotaxis requires contact-dependent cell polarity. Dev. Cell 19,
39–53.
Theveneau, E., Mayor, R., 2012. Neural crest delamination and migration: from
epithelium-to-mesenchyme transition to collective cell migration. Dev. Biol.
366, 34–54.
Theveneau, E., Steventon, B., Scarpa, E., Garcia, S., Trepat, X., Streit, A., Mayor, R.,
2013. Chase-and-run between adjacent cell populations promotes directional
collective migration. Nature 15, 1–12.
Thiery, J.P., Acloque, H., Huang, R.Y.J., Nieto, M.A., 2009. Epithelial-mesenchymal
transitions in development and disease. Cell 139, 871–890.
Venkiteswaran, G., Lewellis, S.W., Wang, J., Reynolds, E., Nicholson, C., Knaut, H.,
2013. Generation and dynamics of an endogenous, self-generated signaling
gradient across a migrating tissue. Cell 155, 674–687.
Visconti, R.P., Hilfer, S.R., 2002. Perturbation of extracellular matrix prevents
association of the otic primordium with the posterior rhombencephalon and
inhibits subsequent invagination. Dev. Dyn. 223, 48–58.
Wheelock, M.J., Shintani, Y., Maeda, M., Fukumoto, Y., Johnson, K.R., 2008. Cadherin
switching. J. Cell Sci. 121, 727–735.
Yanicostas, C., Ernest, S., Dayraud, C., Petit, C., Soussi-Yanicostas, N., 2008. Essential
requirement for zebraﬁsh anosmin-1a in the migration of the posterior lateral
line primordium. Dev. Biol. 320, 469–479.
Yona, S., Lin, H.-H., Siu, W.O., Gordon, S., Stacey, M., 2008. Adhesion-GPCRs:
emerging roles for novel receptors. Trends Biochem. Sci. 33, 491–500.
M.A. Breau, S. Schneider-Maunoury / Developmental Biology 401 (2015) 25–3636
